Introduction {#section1-1533033820934131}
============

Three main methods can be used for the treatment of the malignant tumors, but this process is still challenging. Millimeter wave (MMW) is a type of electromagnetic field with the frequency range of 30 to 300 GHz. Millimeter wave may cause various nonthermal biological effects on organisms.^[@bibr1-1533033820934131][@bibr2-1533033820934131]-[@bibr3-1533033820934131]^ Several nonthermal biological effects have been applied in medical conditions. For example, MMW is widely applied as a therapeutic approach for diabetes, peptic ulcer, and wound healing.^[@bibr4-1533033820934131],[@bibr5-1533033820934131]^ Several nonthermal biological effects of MMW are still being explored, and these studies have shown potential clinical application.^[@bibr6-1533033820934131][@bibr7-1533033820934131][@bibr8-1533033820934131][@bibr9-1533033820934131][@bibr10-1533033820934131][@bibr11-1533033820934131]-[@bibr12-1533033820934131]^ For example, the tumor-suppression effects of the MMW on cell growth *in vitro* and tumor metastasis *in vivo* have been reported on certain tumoral cell systems. These findings have spurred our interest in exploring MMW as a new potential approach for the treatment of cancerous diseases.

Although related research is available, complex mechanisms underlie the nonthermal effects on tumor cells of MMW. Several studies are related to the cell environment. Some researchers have hypothesized that the changes in the physicochemical properties of water in a medium play an important role. Upon exposure to MMW, the biochemical reactions in water could affect the viability and induce a series of morphological and molecular changes in the cells.^[@bibr13-1533033820934131][@bibr14-1533033820934131][@bibr15-1533033820934131]-[@bibr16-1533033820934131]^ Several studies have explored the changes in the cells, such as the cell viability and apoptosis. The viability in certain tumor cell lines is inhibited by regulating apoptosis.^[@bibr17-1533033820934131],[@bibr18-1533033820934131]^ Zhu demonstrated that wide-band MMW exposure increases the activity of caspases-3 and -9, which are the central executioners of the apoptotic pathway. The treatment also upregulated the expression of Bax and downregulated the expression of Bcl-2 in pancreatic cancer JF305 cells.^[@bibr19-1533033820934131],[@bibr20-1533033820934131]^ They proposed that MMW exposure induces apoptosis via a mitochondria-mediated pathway.^[@bibr18-1533033820934131]^ Similarly, Li *et al* ^[@bibr17-1533033820934131]^ reported that MMW exposure inhibits the viability of human chondrosarcoma SW1353 cells. Moreover, MMW exposure on SW1353 cells decreases the membrane potential, upregulates the expression of Bax, and increases the activity of caspase-9 and -3 but does not remarkably affect the expression of Bcl-2.

The use of nonthermal biological effects of the MMW as a tumor-suppression approach is highly desirable. In this study, electromagnetic simulation and biological experiments were combined to further explore the relationship between MMW exposure and tumor cells. However, the MMW only affects the epidermis and dermis skin structures at penetration depth of up to 1 mm.^[@bibr21-1533033820934131]^ Accordingly, the A375 cell line, which usually originates from the epidermis, dermis, subcutaneous tissue, or even skin appendages, was studied.

Materials and Methods {#section2-1533033820934131}
=====================

Electromagnetic Simulation {#section3-1533033820934131}
--------------------------

The qualified dosimetry distribution in the Petri dish is the precondition for the experiments *in vitro*. To obtain a uniformly distributed MMW exposure in the Petri dish, we carried out electromagnetic simulation to determine the practical exposure parameters with satisfactory homogeneity and intensity for subsequent experiments *in vitro*. The exposure mode was fixed and propagated from the base panel of the Petri dish.^[@bibr11-1533033820934131]^ The cells were exposed in monolayer because the A375 cell line could grow and adhere to the base panel of the Petri dish. The simulation was used to explore the influence of the different distances between the base panel of the Petri dish and the antenna on the exposure dose absorbed by the A375 cells. The MMW dose absorbed by A375 cells in the Petri dish was quantified by the specific absorption rate (SAR).

The KFA-100A MMW therapeutic instrument (Zhongcheng Kangfu Technology) was utilized. The device generated a linearly polarized and continuous sinusoidal MMW at 35.2 GHz. The device can stably generate a linearly polarized and continuous sinusoidal MMW at 35.2 GHz, which is within the frequency scope of MMW. The half-width of the 35.2-GHz signal was 110 to 115 MHz. The aperture of the antenna has a length of 46.6 mm and width of 35.2 mm. [Figure 1](#fig1-1533033820934131){ref-type="fig"} shows the exposure setup, including the Petri dish and the antenna (the conical blue structure) for the MMW. The cell layer was on the upper surface of the base panel of the 35-mm Petri dish with culture medium ([Figure 1B](#fig1-1533033820934131){ref-type="fig"} shows the partial magnification of the Petri dish). We also considered the meniscus formed by the contact of the culture medium and the wall of the Petri dish to achieve an accurate model.^[@bibr22-1533033820934131]^

![Electromagnetic simulation setup (unit: mm). A, Model for simulation calculation. The distance between the Petri dish and antenna was adjustable, and the direction of exposure was upward. B, Enlargement of the Petri dish showing the culture medium; the cell layer is displayed in purple.](10.1177_1533033820934131-fig1){#fig1-1533033820934131}

The distance between the Petri dish and the antenna was adjusted to 0.75, 10, 30, 50, 70, and 100 mm. The finite difference time domain and uniaxial perfectly matched layers of absorbing boundary conditions were applied to calculate the SAR.^[@bibr23-1533033820934131]^ The SAR in the cell layer was calculated as follows:^[@bibr24-1533033820934131]^
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where *E* is the electric field intensity and σ and ρ are the permeability and density of the cells, respectively. Briefly, the simulation was implemented by focusing on the culture medium and cell layer. Thus, the voxel size in the simulation model was set to 0.165 mm in the cell layer and 1.299 mm in the culture medium. The parameters set in the simulation algorithm and SAR calculation are summarized in [Table 1](#table1-1533033820934131){ref-type="table"}.

###### 

Relative Dielectric Constant, Conductivity, and Density of Various Materials.

![](10.1177_1533033820934131-table1)

                                           Relative permittivity ε*~r~*   Conductivity, S/m   Density ρ, kg/m^3^
  ---------------------------------------- ------------------------------ ------------------- --------------------
  Cell^[@bibr25-1533033820934131]^         13.50                          29.60               1109.00
  DMEM^[@bibr26-1533033820934131]^         21.00                          59.60               1000.00
  Petri dish^[@bibr27-1533033820934131]^   3.11                           0.00                1000.00

Abbreviation: DMEM, Dulbecco modified Eagles medium.

The homogeneity and intensity of the distribution of SAR in the cell layer were evaluated in terms of the standard deviation (SD) and the average value of the SAR. The normalized value of the SDs of the SARs with respect to different distances between the Petri dish and the antenna are shown in [Figure 2](#fig2-1533033820934131){ref-type="fig"}. The simulation results indicated that the SAR homogeneity increased with the distance. The normalized value of the average SARs based on the different distances between the Petri dish and the antenna are also shown in [Figure 2](#fig2-1533033820934131){ref-type="fig"}. The simulation results indicated that the intensity was satisfactory between 30 and 60 mm. Thus, the distance of 50 mm with satisfactory homogeneity and intensity was chosen in our subsequent practical experiment *in vitro*. The cellular samples were exposed under near-field conditions at the distance of 50 mm, and the boundary of the far- and near field was calculated using the Fresnel distance.^[@bibr11-1533033820934131]^ Under this condition, the experimental power density at the base panel of the Petri dish was 0.16 mW/cm^2^.

![Relationship between the distance and its corresponding specific absorption rate (SAR) in the cell layer. The normalized values of the standard deviation (SD) of SARs and average SARs were plotted. The distance between the antenna and the base panel of the Petri dish was considered.](10.1177_1533033820934131-fig2){#fig2-1533033820934131}

Cell Culture and Cell Growth Curve {#section4-1533033820934131}
----------------------------------

The A375 cell line was purchased from the Cell Bank of the Chinese Academy of Sciences. The cells were cultured in Dulbecco modified Eagle medium (Gibco) supplemented with 10% fetal bovine serum, 100 µ/mL of penicillin, and 100 µ/mL of streptomycin at 37 °C in a humidified atmosphere with 5% CO~2~. The cells from the stock flask were suspended in trypsin, buffered with phosphate-buffered saline (PBS), and counted using a hemocytometer.

The A375 cells were grown in plates at a density of 5 × 10^3^ cells/well and incubated for 24 hours to obtain the growth curve. The optical density (OD) of the corresponding days was detected using cell counting kit (CCK-8; Dojindo) every 24 hours through the following steps. First, 10 µL of the CCK-8 solution was added into the cell culture medium in each well. Then, the plates were incubated for 2 hours at 37 °C. Finally, the OD was determined using a microplate reader at 450 nm after incubation. The average value of 5 duplications was calculated, and the growth curve was drawn after 6 consecutive days.

Millimeter Wave Exposure {#section5-1533033820934131}
------------------------

The antenna was placed at 50 mm from the Petri dish according to the simulation experiment to form an upward exposure. The cells in the exposed group were subjected to continuous wave in the near field. The A375 cells were divided into the exposed and sham groups with MMW exposure duration of 0 minutes. The exposed group was placed in a humidified and sterile incubator at 37 °C. The antenna of the MMW therapeutic instrument was placed below the Petri dishes to form the upward exposure as recommended in the electromagnetic simulation. The sham group was kept under the same experimental conditions and geometrical position, but the generator was switched off. The temperature of the samples during MMW exposure was measured using a calibrated thermocouple immersed in the medium. The rise in temperature throughout the 90-minute exposure of the cell layer did not exceed 0.1 °C. No significant increments were observed, indicating that this study mainly focused on the nonthermal effects.^[@bibr28-1533033820934131]^

Cell Viability Assays {#section6-1533033820934131}
---------------------

The effects of MMW exposure on the viability of A375 cells were investigated. The A375 melanoma cells in the exposed and sham groups were first seeded at 5 × 10^4^ cells in the 35-mm Petri dish. The exposed group was subjected to 35.2-GHz MMW treatment for 15, 30, 60, and 90 minutes using 35.2-GHz MMW, while the sham group was kept under the same experimental conditions, except that the generator was switched off. Then, the A375 cell suspensions from both groups were removed, transferred into 96-well plates, and cultured for 4 hours at 37 °C in the incubator. The viability was assessed using CCK-8 (Dojindo). The OD value was obtained through the same procedure as that in cell growth curve. By using the obtained OD of the exposed and sham groups, the viability rates of these groups were calculated as follows:
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where *OD* ~exposed~ and *OD* ~sham~ are the ODs of the exposed and sham group, respectively. A viability rate smaller than 100% indicated that the cell growth of A375 cells was inhibited by 35.2-GHz MMW exposure.

Flow Cytometry Analysis of Cell Apoptosis {#section7-1533033820934131}
-----------------------------------------

Flow cytometry analysis was conducted using the Annexin V/ propidium iodide (PI) apoptosis detection kit (BD Biosciences Pharmingen) to further confirm that the suppression of cell viability was induced by apoptosis. The A375 cells were seeded at 5 × 10^4^ cells in 35-mm Petri dish. Then, the exposed group was subjected to MMW for 15, 30, 60, and 90 minutes in the logarithmic growth phase. By contrast, the sham group was kept under the same experimental conditions and geometrical position except that the generator was switched off. After MMW exposure, the cells were incubated at 37 °C with 5% CO~2~ for 24 hours. The cell suspension obtained from the digested cells was centrifuged at 1000 ×*g* for 5 minutes, followed by resuspension with 1× binding buffer to adjust the concentration of the A375 cells to 1 × 10^6^/mL. Afterward, 0.1 mL of the suspension was transferred to another culture tube and stained with 5 µL of Annexin V-FITC and 5 µL of PI for 15 minutes at 25 °C in the dark. Finally, 400 µL of the 1× binding buffer was added to each tube before analyzing the samples by flow cytometry within 1 hour.

Western Blot Analysis {#section8-1533033820934131}
---------------------

The expression of certain proteins in the A375 cells was changed when apoptosis occurred. After MMW exposure and 24 hours of culture, Western blot analysis was performed to identify the specific proteins in the A375 cells. The antibodies of caspase-3, caspase-8 (Cell Signaling Technology), and β-actin (Sigma-Aldrich) were used. After exposure for 0, 15, 30, 60, and 90 minutes with 35.2-GHz MMW, the A375 cells were washed twice with precooled PBS at 4 °C and lysed in radio immunoprecipitation assay buffer, followed by centrifugation at 12 000 rpm for 10 minutes at 4 °C. The bicinchoninic acid protein assay kit was used to quantify the concentration of the protein sample. Afterward, the protein was loaded onto 12.5% sodium dodecyl sulfate polyacrylamide gel electrophoresis, transferred to polyvinyl difluoride membranes, and then blocked with 5% nonfat dairy milk in Tris-buffered saline with 0.05% Tween-20 for 2 hours. Then, the membranes were incubated overnight with primary antibodies (caspase-3 and -8 antibodies, dilution to 1:1000 with Tris-buffered saline Tween 20 \[TBST\]) at 4 °C by horizontal shaking. After washing the membranes thrice with TBST, they were incubated with secondary antibodies (Horseradish Peroxidase-conjugated goat anti-rabbit IgG, dilution to 1:2000 with TBST) and shaken gently for 1 hour at room temperature. The membranes were then visualized using an enhanced chemiluminescence kit (Thermo Fisher Scientific) and scanned using the gel imaging system (Bio-Rad). The bands were analyzed using the Image J software 1.8.0.

Analysis of the Role of Caspase-3 Activation {#section9-1533033820934131}
--------------------------------------------

The caspase-3 inhibitor AC-DEVD-fmk was used to determine the role of caspase-3 activation in the MMW-induced apoptosis of A375 cells. Before the MMW exposure for 90 minutes, the A375 cells were pretreated with 10 µmol AC-DEVD-fmk for 1 hour. Then, the cell viability of A375 cells was analyzed using CCK-8 as described previously.

Statistical Analysis {#section10-1533033820934131}
--------------------

All data were presented as mean ± SD and analyzed by analysis of variance using the IBM SPSS Statistics version 20 software. Differences were considered as statistically significant at *P* \< .05.

Results {#section11-1533033820934131}
=======

Exposure to 35.2-GHz MMW Inhibited the Viability of the A375 Cells {#section12-1533033820934131}
------------------------------------------------------------------

Our analysis of the growth curve of A375 cells showed that from the third day, the cell underwent logarithmic growth. Upon culturing the A375 cells for 3 days, the MMW exposure was carried out. After exposure, the cell viability was measured using the CCK-8 solution and a microplate reader. The influence of 35.2-GHz MMW exposure on the viability of A375 is shown in [Figure 3](#fig3-1533033820934131){ref-type="fig"}. In this figure, the cell viability of A375 cells decreased with the extension of exposure time (*P \<* .05), indicating the time cumulative effect of 35.2-GHz MMW exposure on the viability of the A375 cells.

![Effect of 35.2-GHz millimeter wave (MMW) exposure on A375 cell viability (relative to the sham group). The cells were seeded in 96-well plate after MMW exposure in monolayer by 35.2-GHz MMW for 0, 15, 30, 60, and 90 minutes. The cell viability was assessed using CCK-8 after MMW exposure for 4 hours. The results are expressed in terms of the ratio of the optical density in the exposed and sham groups. Each point represents the mean ± standard deviation (SD) of 6 replicates, and 3 independent experiments were performed. Values with statistically significant difference (*P* \< .05) are marked with asterisks. CCK-8 indicates cell counting kit-8.](10.1177_1533033820934131-fig3){#fig3-1533033820934131}

Exposure to 35.2-GHz MMW Induced Apoptosis in A375 Cells {#section13-1533033820934131}
--------------------------------------------------------

After MMW exposure, the apoptosis of A375 cells in each group was determined by AV/PI staining. Briefly, the cells were exposed with 35.2-GHz MMW in exposed groups for 15, 30, 60, and 90 minutes, and cells in sham group did not receive MMW exposure. Then, the cells were examined by cytometry via AV/PI staining. The statistical analysis of apoptosis in A375 cells induced by 35.2-GHz MMW is shown in [Figures 4](#fig4-1533033820934131){ref-type="fig"} and [5](#fig5-1533033820934131){ref-type="fig"}. The corresponding apoptosis rates were 7.23%, 7.57%, 9.73%, and 11.14% for the exposed group, and the apoptosis rate was 3.37% in the sham group. Hence, exposure to 35.2-GHz MMW induced apoptosis in A375 cells.

![Effect of 35.2-GHz millimeter wave (MMW) exposure on the apoptosis of A375 cells. After exposure to 35.2-GHz MMW for 15, 30, 60, and 90 minutes (A-E represent exposure for 0, 15, 30, 60, and 90 minutes, respectively), the A375 cells were stained by AV/PI, and then analyzed by flow cytometry.](10.1177_1533033820934131-fig4){#fig4-1533033820934131}

![Quantification of apoptosis in A375 cells with ANOVA by using SPSS software. The data shown are averages ± standard deviation (SD; error bars). ANOVA indicates analysis of variance.](10.1177_1533033820934131-fig5){#fig5-1533033820934131}

Exposure to 35.2-GHz MMW Modulated the Expression of Apoptosis-Related Proteins in the A375 Cells {#section14-1533033820934131}
-------------------------------------------------------------------------------------------------

To further investigate how the 35.2-GHz MMW exposure induced apoptosis in A375 cells, we used Western blot to analyze the apoptosis-related proteins in both the exposed and the sham groups. Casepase-3 and -8 play an important role in cell apoptosis. The results are shown in [Figure 6](#fig6-1533033820934131){ref-type="fig"}. The expression of both caspase-3 and -8 in the exposed group was upregulated, indicating that exposure to 35.2-GHz MMW induced the apoptosis of A375 cells by regulating the caspase pathway.

![Effect of millimeter wave (MMW) exposure on the expression of caspase-3 and caspase-8 in the A375 cells. After the A375 cell monolayer was exposed to MMW for 0, 15, 30, 60, and 90 minutes and cultured 24 hours, Western blot analysis was performed to analyze the apoptosis rate in the A375 cells. β-actin was used as internal reference.](10.1177_1533033820934131-fig6){#fig6-1533033820934131}

Caspase-3 Inhibitor Partially Reversed the Cell Viability Suppression Effect Induced by MMW {#section15-1533033820934131}
-------------------------------------------------------------------------------------------

To verify the role of caspase-3 activation in the suppression of A375 cell viability, we used the inhibitor AC-DEVD-fmk. The result indicated that AC-DEVD-fmk pretreatment partially reversed the suppression effects induced by MMW exposure from 36.7% to 59.8%.

Discussion {#section16-1533033820934131}
==========

Exposure to MMW can suppress the cell viability and inhibit the growth of certain tumor cell lines.^6-10^ The underlying mechanism was explored, and recent studies demonstrated that the suppression effect on cell viability could be induced by apoptosis in several tumor cell lines.^17,18^ In the present study, we determined whether 35.2-GHz MMW exposure could affect the growth and induce apoptosis in A375 melanoma cell and explored the mechanisms of the induced apoptosis. Time-dependent reduction in the viability was observed in A375 cells following exposure to 35.2-GHz MMW. The growth rate of A375 cells exposed for 90 minutes was lower than the sham group (approximately 40% of the beginning).

The development of tumor is associated with certain important events, such as cell apoptosis upon the activation of the oncogene. Therefore, the effect of apoptosis is a novel target in the search of antitumor therapy. Apoptosis is a complex process involving many biomolecules. To gain insight into the molecular mechanism involved in the A375 cells exposed with 35.2 GHz MMW, we assessed the expression of apoptosis-related proteins and their changes by Western blot in A375 cells. Caspase-3 is one of the most important executioners in the cell apoptosis procedure.^[@bibr29-1533033820934131]^ This biomolecule can be cleaved and activated by the initiator caspases, such as caspase-8, in multiple different organisms during apoptosis.^[@bibr19-1533033820934131],[@bibr29-1533033820934131]^ Thus, in this study, we focused on the expression changes in caspase-3 and -8 in A375 cells and found that the cleaved caspase-3 and -8 were upregulated in the A375 cells by Western blot. To further verify the dependence of caspase-3 activation in the suppression of A375 cells induced by 35.2-GHz MMW exposure, we added the caspase-3 inhibitor before exposure to 35.2-GHz MMW. The result demonstrated the caspase-3 inhibitor partially reversed the suppression effect on cell viability. These results *in vitro* indicated that exposure to 35.2-GHz MMW had apoptosis-promoting effects on the A375 cells. The apoptosis induced by 35.2-GHz MMW was caspase dependent because it involved the activation of caspase-8 and -3.

Before the investigation, we evaluated the SAR in the cell layer with different distances between the Petri dish and the antenna by using numerical simulation. The dose received by A375 cells can be represented by the SAR. Cells in different positions of the Petri dish may have different SARs. Subsequently, some cells were affected by MMW exposure, whereas other cells with low SAR were not affected. To ensure uniform SAR distribution at different positions, we carried out this electromagnetic simulation study. The A375 cell line grows with adherence, and the culture medium absorbs the energy and reflects the incident MMW efficiently. Thus, the upward exposure was selected. The result showed good uniformity with the increase in distance to approximately 50 mm. Hence, when examinations are performed *in vitro*, the distribution of the energy absorbed by cells should be considered, except for the electrical parameters such as incident power.

Conclusion {#section17-1533033820934131}
==========

Overall, exposure to 35.2-GHz MMW induced the suppression of A375 cell viability and promoted apoptosis through a caspase-dependent pathway involving activation of caspase-8 and -3.
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CCK-8

:   cell counting kit-8

MMW

:   millimeter wave

OD

:   optical density
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:   phosphate-buffered saline
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:   propidium iodide

SAR

:   specific absorption rate

SD

:   standard deviation

TBST

:   Tris-buffered saline with Tween 20.
